Recent studies have demonstrated that intramyocardial adipose tissue (IMAT) may contribute to ventricular electrophysiological remodeling in patients with chronic myocardial infarction. Using an ovine model of myocardial infarction, we aimed to determine the influence of IMAT on scar tissue identification during endocardial contact mapping and optimal voltage-based mapping criteria for defining IMAT dense regions.
R
ecent research has demonstrated that adipose tissue may play a significant role in the pathogenesis of cardiac arrhythmias. 1, 2 In patients with ischemic cardiomyopathy, areas of intramyocardial adipose tissue (IMAT) have been shown to coexist with areas of fibrosis. 3, 4 Also as in case of scar-related ventricular tachycardia (VT), adipose formation within the scar tends to occur late after the onset of myocardial infarction. [5] [6] [7] In the ovine model of chronic myocardial infarction, our group has previously demonstrated that compared with collagen the presence of IMAT contributed more significantly to altered electrophysiological properties including slower conduction, reduced electrogram amplitude, and VT inducibility. 1 These novel findings on altered electrophysiological function attributed by IMAT have been corroborated in clinical studies. In a pilot study involving 22 patients with ischemic cardiomyopathy, the presence of IMAT detected on contrastenhanced computed tomography (CT) was associated with reduced electrogram amplitude, fractionated and isolated potentials, and the presence of VT circuits. 6 In another study involving 316 patients with ischemic cardiomyopathy, IMAT identified by cardiac magnetic resonance imaging was associated with the presence of ventricular arrhythmias and all-cause mortality. 8 The
WHAT IS KNOWN?
• The presence of intramyocardial adipose tissue has been described in patients with chronic ischemic heart disease in imaging and autopsy studies.
• Intramyocardial adipose tissue contributes to electrophysiological dysfunction and is associated with ventricular tachycardia in large animal models of myocardial infarction.
• The electrophysiological sequelae of intramyocardial adipose tissue as observed in large animal models of myocardial infarction may be recapitulated in humans.
WHAT THE STUDY ADDS?
• In the chronic myocardial infarction substrate, in comparison to collagen, intramyocardial adipose contributes significantly to the reduction of electrogram amplitude during endocardial contact mapping.
• Intramyocardial adipose may be reliably identified using electroanatomic mapping.
• Combined bipolar and unipolar endocardial mapping may be used to reliably differentiate adipose tissue from collagen within scar as a potential strategy for improving guidance during substratebased ablation of ventricular tachycardia.
presence of IMAT was a stronger predictor than infarct size alone and remained significant when added to left ventricular (LV) volumes or left ventricular ejection fraction. In the initial ovine study, the Pouliopoulos et al 1 assessed the association between IMAT confirmed by histology with electrogram criteria derived from intramural needle mapping. Although intramural mapping is no longer practiced, it is well recognized as an approach to validate endocardial and intramural electrophysiological properties. The aim of our study was hence to determine the relationship between unipolar and bipolar electrogram amplitude derived from endocardial catheter-based mapping with the presence of adipose and collagen in the ovine model of chronic myocardial infarction.
METHODS
The study was approved by the Animal Research Ethics Committee of Westmead Hospital. The study protocol conformed to the guidelines set for animal research by the National Health and Medical Research Council, Australia.
Myocardial Infarction Induction
Eight castrated male sheep were used in our study. The average weight was 59 kg (interquartile range, 49-69 kg). General anesthesia was used, and the procedure was performed in a sterile environment. Before commencement, Xylazine (0.5 mg/kg intramuscular) was administered. After appropriate sedation was achieved, propofol (4 mg/kg IV) was administered via a central venous line through the right internal jugular vein. The animal was intubated subsequent to this. One percent to 4% isoflurane in 100% oxygen was used to maintain general anesthesia. A 3-mm angioplasty balloon was placed in the midportion of the left anterior descending artery and inflated resulting in occlusion. The balloon was kept inflated for a period of 3 hours to create anterior myocardial infarction in accordance with the method described by Reek et al. 9 Occlusion was confirmed angiographically and by the demonstration of ST-segment elevation on the ECG. One sheep died 3 weeks post-anterior myocardial infarction (post-anterior MI) induction and was hence excluded from the study because of inadequate scar maturation.
Mapping Procedure
Voltage mapping of the left ventricle and histological correlation was performed 84 weeks (interquartile range, 15-111 weeks) post-MI on the 7 surviving sheep. General anesthetic was administered as per the methods described during MI induction procedure. The Ensite system was used to perform noncontact mapping. Positional verification was done with needle electrogram using a technique which has previously been described by our group. 1, 10, 11 The chest was opened through an incision in the left fourth intercostal space so that the heart was accessed. After confirmation of the presence and location of scar tissue, 20 multielectrode plunge needles (area of each electrode=3.7 mm2, interelectrode distances=1.5 mm) were inserted via the epicardium. We inserted the needles ≈1 cm apart to cover viable, nonviable (scar) areas, and the scar border zone. The needle electrodes were configured in a unipolar mode with the rib retractors used as the indifferent electrode. A quadripolar electrophysiology catheter (St Jude Medical) was placed in the right ventricle to provide backup pacing. The Ensite (V6.1; Endocardial Solutions) multielectrode array and quadripolar mapping catheter (Navistar; Biosense Webster) were placed in the LV by means of a retrograde aortic approach.
We collected endocardial geometry using the 5.6 kHz Enguide locator signal on the Ensite system, during manipulation of the mapping catheter within the LV. By passing the Enguide locator signal through each of the needle electrodes, we were able to annotate the position of the needle electrode within 3-dimensional space and incorporate them on the LV geometry. Motion-related artifact was removed by gating to ventricular systolic activation.
Assessment of endocardial mapping point cloud density and proximity to plunge needle electrodes was performed using the Cartesian distance equation:
where d is the distance of a single point to a single electrode; nx, ny, and nz are x, y, and z coordinates of a single plunge needle; and cx, cy and cz are x, y, and z coordinates of a single endocardial catheter mapping point.
Data Collection and Processing
Bipolar and unipolar electrograms and positional information at a density of 221±66 points per sheep were collected from the quadpolar mapping catheter (Table 1) . Points were collected from the entire LV during stable contact and with greatest point density concentrated within close proximity of each of the needle locations, which was verified fluoroscopically, and by use of the Ensite catheter guidance system. The Prucka Cardiolab system (GE Healthcare) was used to collect unipolar electrograms simultaneously from all catheters and plunge needles. Electrograms were filtered at 0.1 to 300 Hz for unipolar and 30 to 300 Hz for bipolar modalities. All electrophysiological data were temporally aligned by use of a time synchronization signal generator which was connected to all electrophysiological systems. 11 The data were exported and analyzed offline using a software that was developed in house with the Matlab (V7.11; Mathworks). We measured electrogram amplitude at the QRS peak-peak deflection for both unipolar and bipolar electrograms. This criterion was chosen for unipolar electrograms based on our previous study which demonstrated the superiority of unipolar peak-peak deflection over peak-negative deflection on intramyocardial recordings for discrimination of ventricular scar tissue. 11 In the current study, only endocardial electrograms with closest proximity to each multielectrode plunge needle based on Cartesian distance were included for detailed statistical comparison with histology and intramural electrograms (Figure 1 ).
Histological Analysis
Initially, blocks of myocardial tissue (1 cm×1 cm×depth) around each needle were extracted. These samples were set in paraffin wax after being treated with 100% ethanol for dehydration. Gomori trichrome was used to stain 4-mmthick sections made from each block. A software that was developed in house was used to import digital scans of the complete tissue cross-section at 20× objective magnification. Using this software, we were able to differentiate between viable myocardium (red) and collagen tissue (blue) and calculate the area of each component relative to the total tissue area. 11 During Gomori trichrome staining adipocytes demonstrated interlobular septa.
As such we used a multistep algorithm for quantification of IMAT as previously described. 1 The algorithm consisted of the following steps: (1) identification of tissue space by subtraction of blue and red pixels, (2) 2-dimensional Gaussian low-pass filtering of tissue space, (3) conversion to binary color, and (4) subtraction of objects with >2800 pixels and having an interconnectivity neighbourhood of <8 pixels so as to identify adipose compartments. 1 This method was previously validated by histological Oil-Red-O staining which confirmed that these structures were able to compartmentalize neutral lipids. 1 Epicardial adipose was also identified and excluded manually from our analysis using the polygon measurement tool. Hence using this process, we were able to quantify the amount of viable tissue, IMAT, and collagen ( Figure 2 ). All the tissue components were reported as a percentage of the total intramyocardial tissue area. In addition, tissue was categorized based on all permutations of tissue composition involving collagen, IMAT, and myocardium. The categories were defined based on the standardized ranking of the component quantities present in each histological section. The categorical nomenclature indicates the quantity of IMAT (A), collagen (C), and myocardium (M) in order of greatest:moderate:least amount present within the 
Statistical Analysis
We used SPSS for Windows (release 22, SPSS) for statistical analysis. Data are expressed as mean±SD. P <0.05 (2-tailed) was considered significant. Spearman rank correlation coefficient was used to assess the relationship between intramural and endocardial electrogram amplitude (Table 2 ). Spearman rank correlation was also used to assess the relationship between electrogram amplitude and the proportion of IMAT and collagen at each needle site (Table 3) . Rank correlations were calculated individually within each sheep and summarized as the mean correlation coefficient to describe the influence of tissue composition on unipolar and bipolar electrogram amplitude. One-sample t tests were used to test for significant departure from zero of the within-sheep rank correlations (Tables 2 and  3 ). Receiver operator characteristic (ROC) curves were also used to describe the reliability of unipolar and bipolar mapping to identify IMAT dense regions of tissue within scarred myocardium based on defined electrogram amplitude cutoff values after optimization using this technique ( Figures 3 and  4 ). One-sample t tests were also used to test for significant departure of electrogram amplitudes for each tissue classification from the defined cutoff values ( Figure 5 ).
RESULTS

Endocardial Mapping Density
Data were collected from 7 sheep that underwent MI induction. A total of 1547 mapping points were col- Colors on histological cross-sections are based on Gomori trichrome staining, whereby red=viable myocardium, blue=collagen, and white=unstained tissue or tissue space. Black and white images generated using automated texture-based analysis indicate intramyocardial adipose tissue. #Endocardial aspect. A indicates adipose; C, collagen; and M, myocardium. lected during endocardial mapping of the LV. Overall mean mapping density within proximity of 5 mm to the intramural plunge needles was 11.8±10.6 points. A mapping density of at least 1 point per 5 mm was achieved for all plunge needle sites which was consistently within the local dimensions of tissue that was excised for histological analysis (Table 1 ). An example of contact electroanatomical mapping illustrating the point cloud density has been illustrated in Figure 6 . Details of mapping density in individual sheep are shown in Table 1 .
Validation of Endocardial Contact Mapping With Intramural Plunge Needle Mapping
Validation of endocardial mapping was performed by comparison with intramural needle electrograms for the corresponding coregistered points. There was a significant correlation between intramural and endocardial electrogram amplitude for bipolar (r=0.51±0.18, P=0.005) and unipolar (r=0.52±0.14, P<0.0001) mapping, respectively (Table 2) .
IMAT Plays a Dominant Role in Influencing Electrogram Attenuation Within Scarred Myocardium, Compared With Collagen
We assessed the correlation between endocardial electrogram amplitude (unipolar and bipolar) with IMAT and collagen content within the scar, and total scar quantity comprising an admixture of IMAT and collagen (Table 3) . Total scar quantity and IMAT quantity were significantly correlated with both unipolar and bipolar mapping. Correlation coefficients were observed to be markedly greater for IMAT using both modalities. Conversely, statistical significance was not achieved between the relative quantity of collagen and electrogram amplitude for either modality. Overall, where significant electrophysiological associations were observed for IMAT and scar, the correlation coefficient was greater and the between-sheep variance was lower for unipolar compared with bipolar mapping. The relative influence of IMAT and collagen on unipolar electrogram amplitude is further illustrated in Figure 1 . Electrogram attenuation was shown to be independently influenced by both the quantity of collagen and IMAT tissue. However, this electrophysiological gradient of attenuation was predominantly dependent on the adipose to collagen ratio within scar borders (30%-50% viable myocardium) and densely scarred myocardium (>50% viable myocardium), whereby increased IMAT relative to collagen contributed to steeper electrophysiological gradients at the endocardium ( Figure 1 ).
Optimization of Endocardial Catheter Mapping for Delineation of IMAT
We performed optimization using ROC curves to determine the optimum voltage threshold for delineation of IMAT for each endocardial mapping modality. This was achieved by construction of multiple ROC curves using incremental thresholding which spanned the range of amplitudes measured. The ROC area under the curve (AUC) was then plotted relative to each threshold value ( Figure 3A and 3B). The peak AUCs for unipolar and bipolar mapping were associated with unipolar and bipolar thresholds of 3.7 and 0.6 mV, respectively. At optimal thresholds for both unipolar and bipolar mapping, the AUC for collagen (AUC=0.70-0.71) delineation was suboptimal compared with AUC values for IMAT (AUC=0.8) and viable myocardium (AUC=0.75-0.78). As such, areas with subthreshold electrogram attenuation were demonstrated in 32.2% of locations using unipolar mapping (<3.7 mV) and 16.1% of locations using bipolar mapping (<0.6 mV). To further address whether a multimodality approach could be implemented, incorporating both unipolar and bipolar modalities simultaneously for delineation of IMAT, we performed 2-dimensional matrix calculations of ROC curves to test combined variations of bipolar and unipolar thresholds for detection of IMAT ( Figure 3C ). As indicated for independent modality assessment, identical optimal voltage thresholds were achieved using the multimodality approach (unipolar=3.7 mV and Bipolar=0.6 mV). The proportion of sites with subthreshold electrogram attenuation using multimodality mapping was further diminished to 14.1% compared with single modality mapping.
Multimodality Mapping Increases the Reliability of Identifying IMAT
In comparison to single modality mapping, multimodality mapping demonstrated increased reliability in identifying IMAT (AUC: unipolar=0.80; bipolar=0.80; multimodality=0.84, Figure 4 ) when applied to whole chamber mapping. Respectively, for all modalities which have been optimized for IMAT mapping, the AUC for collagen mapping was 0.70 to 0.71.
Thresholding for putative scar borders using conventional clinical bipolar modality thresholding spanning the range of 0.5 to 1.5 mV as previously A, Relationship between unipolar electrogram amplitude threshold and discriminatory capability for delineation of various substrate compositions. A unipolar threshold of 3.7 mV had the greatest reliability for identification of IMAT. B, Relationship between bipolar electrogram amplitude threshold and discriminatory capability for delineation of various substrate compositions. A bipolar threshold of 0.6 mV had the greatest reliability for identification of IMAT. C, Matrix for IMAT discrimination using simultaneous multimodality mapping (combined unipolar and bipolar). As indicated for single modality mapping, a combined amplitude threshold of 3.7 (unipolar) and 0.6 mV (bipolar) was optimal (*) for discrimination of IMAT. Values surrounding * represent receiver operator characteristic (ROC) area under the curve (AUC) values. defined, 12 ,13 yet with the exclusion of <0.5 mV, resulted in the lowest performance for identifying tissue composition within this zone. When combined with optimized unipolar mapping using thresholds of 3.7 mV for unipolar and 0.5 to 1.5 mV for bipolar mapping, moderate reliability (AUC=0.76) was achieved in identifying IMAT within putative scar border zones (Figure 4, table) . Receiver operator characteristic curves illustrating the discriminative capability of various endocardial catheter mapping modalities for the delineation of tissue composition attributed by adipose tissue, collagen, and viable myocardium using optimal thresholds. A, Unipolar mapping using an electrogram amplitude (peak-peak) threshold of 3.7 mV. B, Bipolar and unipolar mapping using an electrogram amplitude (peak-peak) threshold of 0.6 mV. C, Combined modality mapping using a unipolar threshold of 3.7 mV and bipolar threshold of 0.6 mV. D, Bipolar mapping using a threshold range of 0.5 to 1.5 mV indicated for scar border zones. E, Combined modality mapping for scar borders using a unipolar threshold of 3.7 mV and bipolar threshold range of 0.5 to 1.5 mV. Independently, both unipolar and bipolar mapping modalities using optimum thresholds (A and B) performed equally well at delineating adipose tissue; however, combined modality mapping using optimum thresholds (C) was more reliable than independent modalities in this regard. Adipose tissue present within scar borders can be mapped with moderate reliability using combined modality mapping incorporating a bipolar threshold (E) range of 0.5 to 1.5 mV. F, Data table corresponding to A-E. IMAT indicates intramyocardial adipose tissue.
Tissue Classification-Based Validation of Endocardial Electroanatomical Mapping Modalities for Delineation of IMAT Dense Scar Regions
When tissue was reclassified into 6 distinct categories of tissue composition, comprised adipose (A), collagen (C), and viable myocardium (M), we confirmed that fibro-fatty areas of scar tissue (A:C:M) that exhibited the greatest IMAT density (38.0±11.6%), and IMAT:scar ratios (0.46±0.02), had the most significant and specific effect on bipolar (AUC=0.766) and unipolar (AUC=0.803) electrograms (Table 4) . Typically, within dense areas of scar, A:C:M tissue had an IMAT:scar ratio of >0.3, compared with C:A:M tissue which had an IMAT:scar ratio of <0.3 (Table 4) . Other classifications of tissue demonstrated suboptimal specificity (AUC<0.7) in regards to their influence on electrogram amplitude compared with A:C:M (Table 4 ). The tissue classification matrix is based on permutations of relative order (highest:moderate:lowest) of local area composition (A=adipose, C=collagen, M=myocardium) based on histological assessment. For each subgroup of tissue type for myocardial composition order (M), differences between collagen and adipose predominance could be differentiated by an adipose:collagen ratio of ≈0.3. Adipose-rich areas within scared myocardium (A:C:M) and adiposedeficient areas within moderately normal to normal myocardium (M:C:A) can be reliably delineated using unipolar and bipolar mapping, with unipolar mapping demonstrating the greatest area under the curve (AUC). IMAT indicates intramyocardial adipose tissue; and ROC, receiver operator characteristic curves. Ventricular sites with composition class A:C:M also exhibited the lowest median voltages on both unipolar and bipolar mapping, with voltages shown to be consistently and significantly below the optimal threshold of 3.7 mV with unipolar mapping for this tissue class ( Figure 5 ). As such, the optimal unipolar threshold value was capable of delineating A:C:M from C:M:A, M:A:C, and M:C:A, but not from C:A:M, and A:M:C.
Comparatively, bipolar voltages measured for collagen dense areas within scar tissue (C:A:M, C:M:A) were consistently >0.6 mV threshold; however, bipolar mapping was not statistically significant for delineating high-density from low-density IMAT regions based on tissue class. However, bipolar voltages within the 0.5 to 1.5 mV range, considered to be putative scar border zones, 12, 13 predominantly comprised IMAT dense scar tissue (A:C:M).
On the basis of 3-dimensional electroanatomical reconstructions of the left postinfarcted ventricle, the spatial distribution of different tissue classes were reasonably congruent with the respective electrogram amplitude recorded at those sites ( Figure 6 ).
DISCUSSION
To our knowledge, this is the first study to assess the correlation between electrogram amplitude derived from endocardial contact mapping with IMAT content associated with postmyocardial infarct scar. In addition, endocardial voltage criteria to identify areas within the scar tissue that contain IMAT were derived. The main findings of this study were as follows: (1) IMAT had a significant correlation with unipolar and bipolar electrogram amplitude derived from endocardial contact mapping. (2) The correlation between intramyocardial collagen and endocardial contact electrogram amplitude was not significant. (3) Areas classified as being IMAT rich were more likely to have reduced electrogram amplitude, whereas IMAT deplete areas were more likely to have greater electrogram amplitudes. (4) Endocardial mapping was not able to differentiate between collagen-rich and collagen-depleted areas within myocardium that contained admixtures of collagen and IMAT. (5) IMAT could be reliably identified using endocardial mapping with thresholds of <3.7 and < 0.6 mV, respectively, for unipolar and bipolar modalities. (6) Combined modality mapping using a bipolar amplitude of <0.6 mV and a unipolar amplitude of <3.7 mV could be used to differentiate IMAT from collagen with greater sensitivity than either modalities independently. These novel findings give us a clearer understanding of the pathological distribution of IMAT and its influence on endocardial electrograms. As such, this influence may have implications in novel treatment strategies for targeting arrhythmogenic substrates in postinfarct cardiomyopathy.
To eliminate observer bias, both the electrophysiological measurements and quantification of adipose and collagen were automated. In addition, coregistration of histological and electrophysiological data was performed using intramural plunge needle mapping to ensure accurate correlation between electrophysiological and histological data.
VT in the setting of chronic myocardial infarction is often associated with reentry around scar tissue usually within the scar border zone.
14 In the present time, optimal treatment of scar-related VT involves identification and ablation of the critical pathways of reentry, when possible. In patients with hemodynamically unstable VT, detailed activation mapping of the arrhythmogenic circuit is rarely a viable option. In such patients, a substrate-based approach is often attempted. However, the recurrence rate of VT after ablation procedures is significant and has been described to occur in ≤57% of patients. 15 This has been associated with significant mortality and morbidity. A clear understanding of the pathophysiology of postinfarct VT may help in improving the success rates of these procedures.
The use of electroanatomical mapping for identification of scar tissue was demonstrated by Callans et al 16 in the porcine model of myocardial infarction. In this study, infarct size by pathology correlated with areas with a bipolar electrogram amplitude ≤1 mV. More recent observations using this animal model have indicated that areas with low bipolar voltage area defined as ≤1.5 mV were consistent with infarcted myocardium based on cardiac magnetic resonance imaging, with areas exhibiting amplitude ≥1 mV, purported to be associated with subendocardial conducting channels. 17 One possible explanation as to why IMAT was not detected in these studies could be because of the early time point of assessment post-infarct, which was 6 to 8 weeks in the above-mentioned studies as opposed to 84 weeks in this study.
In our previous ovine model study, we noted that there was a temporal linear reduction of intramyocardial collagen and linear increase in IMAT confined mainly to dense scar and scar border zones. 1 Importantly, the presence of adipose within scar has been demonstrated consistently in patients with chronic myocardial infarction in autopsy studies 3, 4 and imaging studies, 18,19 all of which have described a direct correlation between IMAT quantity and with infarct age.
Additional considerations as to why IMAT was not reported in other large animal models incorporating imaging and histology may be because of the exclusion of direct spatial coregistration of imaging, histology, and electrophysiological information to the extent that was applied in our current study. 17 Furthermore, the parameters used for cardiac magnetic resonance imaging of scar as applied in previous large animal studies used late gadolinium enhancement, specifically for detection of fibrous scar tissue. 17 Fatty metaplasia is a known phenomenon in late gadolinium enhancement as tissue exhibiting greater extracellular space than normal can appear hyper-enhanced in postcontrast images because of the uptake of contrast; however, the degree of hyperenhancement in such regions is often less than those containing fibrous scar tissue. The quality and resolution of imaging can further compound imaging in heterogeneous scar tissue, thus effecting quantitative assessment of the grey zone, which has previously been correlated to isthmus sites exhibiting a mean bipolar amplitude of 0.6 mV. 7 As such, imaging of fatty metaplasia in this context is logistically challenging using thresholding alone, although additional cardiac magnetic resonance imaging techniques involving fat suppression sequencing or water-fat separation have previously demonstrated greater specificity for imaging IMAT in postinfarct scar compared late gadolinium enhancement imaging. 19, 20 There has been recent interest in the contribution that IMAT imparts on the pathogenesis of VT during subacute and healing phases of myocardial infarction. 1 Notably, IMAT has been implicated in a variety of arrhythmias which include atrial fibrillation, arrhythmogenic right ventricular cardiomyopathy and also in conditions like myotonic dystrophy and Fabry disease. 2 The phenomenon of IMAT infiltration post-myocardial infarction was first described by Baroldi et al. 4 They coined the term lipomatous metaplasia of the scar and described it as the presence of adipocytes in extensive myocardial scar where the normal architectural arrangement of myocytes has been deranged because of infiltration by collagen and adipose tissue. Another study found IMAT tissue in 84% of healed MI in explanted hearts. 3 Fibro-fatty infiltration has also been detected using noninvasive modalities including CT and cardiac magnetic resonance imaging. On the basis of the findings reported in these studies, the incidence of IMAT deposition increases with time elapsed post infarct. IMAT was detected in 22.4% of patients with previous MI by multidetector CT. 21 The incidence of IMAT as identified on multidetector CT increased according to the postinfarct elapsed time: 9.1% within the first year after infarction, 20.7% between the second and third years, 37.0% between the fourth and seventh years, and 46.4% thereafter. This relationship between IMAT and infarct age has also been demonstrated by other investigators. 1, 3, 4, [18] [19] [20] [21] Both animal and subsequently clinical studies have now demonstrated that IMAT infiltration may play a role in the pathophysiology of VT in chronic myocardial infarction. 1, 6 The relative contributions of collagen and IMAT are also of interest. In the ovine model of chronic myocardial infarction when compared with adipose tissue, collagen was found to play a subordinate role in altering electrophysiological properties of the myocardium. 1 Increased collagen content did not contribute to altered ventricular electrophysiology including reductions in electrogram amplitude, dV/dt min , and conduction velocity, to the extent that increased IMAT did.
Using contrast-enhanced CT in 22 patients with ischemic VT, Sasaki et al 6 demonstrated that the presence of IMAT was associated with altered electrogram (lower bipolar and unipolar amplitude) characteristics and VT circuit sites. In a study involving 316 patients with anterior MI, Mordi et al 8 found that the presence of IMAT remained a significant predictor of the combined primary outcome of all-cause mortality, sustained ventricular arrhythmia, and heart failure hospitalization.
In the ovine study conducted by Pouliopoulos et al, 1 electrophysiological correlations with IMAT and collagen identified on histology were performed using direct coregistration with intramural plunge needle mapping. Although plunge needle mapping is considered the gold standard method for deriving and validating such associations, this is not something that we would be able to perform clinically in the present day. The moderate degree of correlation between the contact endocardial electrogram amplitude obtained from endocardial and intramural needle mapping was consistent with previously published data. 11, 22 The fact that only IMAT had a significant correlation with electrogram criteria is of significance. Furthermore, IMAT dense regions within scar were associated with the lowest median electrogram amplitude, and areas defined as scar border zones according to clinical criteria (0.5-1.5 mV) using bipolar mapping were predominantly infiltrated with IMAT at higher density than collagen. These findings confirm the significant influence that IMAT imparts on electrogram attenuation using endocardial based mapping techniques, which are consistent with similar associations derived from previous intramural mapping studies in animals and endocardial mapping in humans. 1, 6 Unipolar and bipolar modalities of mapping are both influenced by far-field activation to varying degrees depending on the underlying substrate composition, electrode dimensions, and degree of catheter contact. 23, 24 Although bipolar mapping is considered to be influenced by far-field activity to a lesser degree than unipolar mapping, such effects are further compounded by catheter orientation and interelectrode spacing. During unipolar mapping, the R-wave portion (peak-positive deflection) is traditionally considered as a measure of far-field activity. Despite these effects described for unipolar mapping, we have previously demonstrated and confirmed that measurement of the peak-peak deflection has greater reliability in delineating scar tissue from nonscarred tissue in postmyocardial infarct substrate than by measure of the peak-negative deflection amplitude.
11 This is suggestive that both positive and negative components are most sensitive to near-field effects than far-field effects. Local tissue structure may be involved in the nature of this phenomenon. For instance, collagen is able to facilitate passive coupling as it is an ineffective electric current sink because of its low resistivity. 25, 26 Conversely, adipose tissue acts as a current sink because of its relatively high resistivity and ionic membrane properties which enable this tissue to function as a current sink. 27, 28 In the presence of a current sink, the peak-positive deflection (far and near field) may be attenuated according to this principle. In agreement with our data, insights from epicardial mapping studies using the porcine model of left circumflex MI confirmed the effect of adipose tissue on electrograms, even in the absence of collagen. 29 Our findings may have significant implications with regards to our understanding of the pathogenesis of postinfarct VT and potentially also for treatment strategies. 1 In patients with chronic myocardial infarction, VT usually arises from the scar border zones. This zone consists of bundles of viable tissue interspersed between areas of scar tissue. 30 These bridges of surviving myocardial cells within the postinfarct scar surrounded by areas of fibrosis serve as a slow pathway of the reentrant circuit. Traditionally, fibrosis has been regarded as the nonconductive barrier that promotes reentry. 30 Previous studies have, however, shown that adipose contributes to slowing of conduction and reduction of excitation wavelength. 30 The precise mechanism by which adipose causes conduction slowing is unclear. However, it has previously been shown that myocytes are capable of electrotonically coupling to each other across thin strands of collagen, thus enabling passive conduction. 25 In contrast, zigzag conduction may be further facilitated by adipose tissue because of its inherently high resistivity. 26 In the ovine model of myocardial infarction, lateralized gap junctional expression of Cx43 in myocytes was observed at 80.5%, 81.1%, and 93.6% of sites where the myocyte interface contained collagen, adipose, and mixed collagen adipose, respectively.
1 Also, the mean distance between the interface and area of normal Cx43 expression at the intercalated disks was greater for sites that contained adipose while compared with sites containing collagen. Hence, the above-mentioned observations suggest 2 plausible mechanisms of conduction slowing because of IMAT deposition, including altered gap junctional coupling between myocytes, and electric isolation because of structural barriers.
A similar relationship between adipose and arrhythmias is noted in arrhythmogenic right ventricular cardiomyopathy/dysplasia, a heritable myocardial disorder characterized by fibro-fatty replacement involving mainly the right ventricular myocardium which is associated with sudden cardiac death because of ventricular arrhythmias. 31 Despite differences in cause, previous clinical research demonstrating the prognostic significance of endocardial unipolar and bipolar mapping for arrhythmogenic right ventricular cardiomyopathy/ dysplasia confirmed that amplitudes within effected areas (unipolar: 3.3±01 mV; bipolar: 0.5±0.1 mV) were in agreement with amplitude thresholds that we have defined for both modalities in our study for postinfarct IMAT identification. 32 Given the above associations, it may be possible that the fibro-fatty infiltration noted in patients with chronic myocardial infarction acts as a substrate for VT. These areas may represent additional targets for ablation therapy and hence provide a potential for improved success rates. In this study, we demonstrated by optimization of endocardial contact mapping and by comparison with histology that unipolar endocardial mapping may be used to identify areas within the scar containing IMAT. Differentiation between IMAT and collagen may be possible by combining unipolar and bipolar modalities. This may provide the basis for further refinement of the currently available mapping techniques. Further research will need to be conducted to determine whether ablation of IMAT results in modification of the VT substrate and whether or not this provides additional benefit over currently available techniques.
Limitations
This study was performed in an ovine model using only left anterior descending territory myocardial infarctions-and may not be representative of the spectrum of ischemic cardiomyopathy in humans. However, this postinfarct ovine model, however, has been well validated and is considered representative of postinfarct VT substrate in humans. 9, 10 The endocardial catheter tip to intramural plunge needle spatial registration error was ≤5 mm, which, despite such small variations, may have negatively influenced electrophysiological correlation between these modalities given the complex spatial variation of the substrate at micro millimeter resolution. Despite our efforts to minimize the degree of error, by performing reasonably high-density mapping within proximity to plunge needle electrodes (11.8±10.7 points within a 5 mm radius), such microscale variation in tissue architecture may also have effected correlations between endocardial mapping and histology.
Conclusions
This is the first study to assess the relationship between electrogram amplitudes based on endocardial contact mapping and IMAT determined quantitatively by histological analysis. In comparison to collagen, only adipose contributed to a direct and proportional attenuation of bipolar and unipolar electrograms during endocardial contact mapping. Also, adipose had a more significant influence while identifying scar tissue using endocardial contact mapping in both unipolar and bipolar modes. We identified a cutoff of ≤3.7 mV on unipolar mapping and ≤0.6 mV on bipolar mapping in identifying areas within the scar that contain adipose tissue. On the basis of unipolar thresholding, adipose was identified in 32% of the myocardium that was sampled which is comparable to the findings described by Sasaki et al 6 where IMAT was identified in 38.8% of the CT sections in patients with ischemic VT. More stringent mapping using combined unipolar and bipolar mapping increased sensitivity for IMAT identification but reduced the proportion of sites identified to 13.4%. On the basis of previous mechanistic associations on the association of IMAT and VT reentrant circuits as determined using this ovine model, combined modality mapping during sinus rhythm may be most favorable compared with single modality mapping in defining complex scar substrate that is likely to participate in reentry because of the presence of IMAT. 
Clinical Relevance
The findings of our study are in keeping with previous studies highlighting the role that IMAT may play in alteration of the ventricular electrophysiology in the patients with chronic myocardial infarction and contribute to VT propensity by slowing conduction as we have demonstrated previously in experimental animal models. On the basis of this evidence, it may be possible that the fibro-fatty infiltration noted in these patients contributes to the creation of VT circuits topographically by formation of channels and zones of slow conduction within scar. Given the current success rates of VT ablation procedures and challenges of treating hemodynamically unstable VT, ablation of IMAT may provide a potential new therapeutic target. Multiple studies have demonstrated the ability to identify IMAT noninvasively. However, identifying ablation targets based on such noninvasive techniques is currently limited because of the lack of systematic histological validation studies. As such, the electroanatomical based approach, which we have validated histologically, can be easily adopted using existing mapping systems and provides an immediacy of information which may be used to target critical VT circuits associated with IMAT.
Despite the colocalization of collagen and IMAT in certain regions of fibro-fatty scar, we have demonstrated that application of voltage threshold criteria optimized for mapping IMAT increases the reliability to delineate IMAT-rich areas from collagen-rich areas, thus providing additional information in regards to the architectural organization of scar tissue. This method of predicting regions of increased local IMAT density may be used as an adjunct to traditional methods involving pace-mapping to further refine current substratebased ablation strategies for VT. On the basis of previous mechanistic insights, application of ablation may be favorable directly within low-voltage scar channels or border zones that are associated with IMAT, providing that such regions are not inexcitable, as these regions of scar are likely to exhibit delayed conduction which is a critical property of reentrant circuits.
As such, additional research is warranted to determine whether similar histological associations occur clinically in regards to VT reentrant circuits and whether these criteria can be applied clinically to target therapeutic interventions including ablation to ameliorate VT burden.
